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The canonical Wnt signaling
pathway is highly conserved
throughout the animal kingdom [1]
and controls numerous
developmental processes in
animals as distant as flies, frogs
and hydra. These include early
embryonic patterning,
epithelial–mesenchymal
interactions and maintenance of
stem cell compartments. A key
effector of the Wnt pathway is β-
catenin, the Drosophila version of
which is Armadillo. Inappropriate
activation of β-catenin in the
intestinal epithelium, and in other
tissues, often leads to cancer [2].
The β-catenin protein was
initially discovered for its role in
cell adhesion [3]. As a component
of adherens junctions, it promotes
cell adhesion by binding to the
intracellular domain of the
transmembrane protein cadherin, a
Ca2+-dependent homotypic
adhesion molecule, and linking
cadherin to the actin cytoskeleton
through the adaptor protein
α-catenin (Figure 1). This adhesion
function is based on a subcellular
pool of β-catenin that is
membrane-associated and stable. 
In contrast, the signaling
function of β-catenin is conferred
by a soluble cytoplasmic pool that
is highly unstable in the absence
of a Wnt signal, as a result of
multiple phosphorylations in the
protein’s amino terminus (Figure
2) that earmark it for proteasome-
mediated degradation. This
earmark depends on the
combined actions of the
Adenomatous polyposis coli
(APC) tumor suppressor, the Axin
scaffolding protein and two
serine/threonine protein kinases:
glycogen synthase kinase 3β
(GSK3) and its priming kinase,
casein kinase 1. Upon Wnt
signaling, GSK3 is inhibited; as a
consequence, unphosphorylated
(‘activated’) β-catenin
accumulates, and promotes the
transcription of Wnt target genes
by binding to TCF transcription
factors in the nucleus (Figure 1)
[2]. These transcriptional changes
are the key read-outs of canonical
Wnt signaling, and are the basis
for Wnt-induced changes in
normal and malignant
development [4,5].
Armadillo/β-catenin is thus a
truly dual-function protein,
encoded by a single gene in most
animals and in humans. This
sharing of a critical component
between two fundamental
processes — cell adhesion and
cell signaling — may reflect a need
for coordinate control between
them. Indeed, cell signaling is
coupled to a loosening of
adhesion between epithelial cells
during epithelial–mesenchymal
transitions and other
developmental processes [6]. The
same intrinsic link is also manifest
during cancer whose progression
typically depends on inappropriate
cell signaling and loss of cadherin-
mediated adhesion [7]. 
The pivot between these two
processes appears to reside in β-
catenin, which potentially couples
loss of cell adhesion to increased
Wnt signaling if diverted from the
plasma membrane to the nucleus.
Indeed, although the two β-
catenin pools are normally well
buffered and functionally
separated from each other,
experimental manipulations of the
levels of one pool can affect the
function of the other under some
circumstances (reviewed in [8]).
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β-Catenin: A Pivot between Cell
Adhesion and Wnt Signalling
Mutual adhesion of animal cells is intimately linked to Wnt signaling
through a shared component: β-catenin, or Armadillo in Drosophila.
Recent work indicates how β-catenin shifts from cell adhesion to Wnt
signaling, a switch associated with epithelial–mesenchymal transitions
and cancer.
β-catenin pivot from cell adhesion
to Wnt signaling during normal
and malignant development.
Birchmeier and colleagues [9]
have now discovered such a
switch. This switch involves
BCL9-2, a mammalian relative of
the Wnt signaling component
Legless recently found in
Drosophila [10]. Legless and
BCL9-2 are critically required for
the function of activated β-
catenin/Armadillo in the
transcription of Wnt target genes
during normal fly and fish
development, and in colorectal
cancer cells whose β-catenin is
activated as a result of a mutation
in the β-catenin or APC gene
[9,10]. Legless proteins bind to
the amino-terminal portion of the
armadillo repeat domain of β-
catenin/Armadillo (Figure 2). 
Intriguingly, this portion
overlaps the α-catenin-binding
region of β-catenin [11,12], and
Brembeck et al. [9] identified a
tyrosine residue within this region,
Y142 (Figure 2), that needs to be
phosphorylated for efficient
interaction between β-catenin and
BCL9-2 [9]. Critically, substitution
of this residue with other amino
acids, including the phospho-
mimic glutamic acid, abrogates
binding of β-catenin to α-catenin
[9,11]. So Y142 is a pivotal residue
within β-catenin that determines
whether this protein binds to its
cell adhesion partner α-catenin or
to its Wnt signaling partner BCL9-
2 (Figure 2). In other words,
phosphorylation of Y142 diverts β-
catenin from α-catenin to BCL9-2,
or from cell adhesion to Wnt
signaling.
Brembeck et al. [9] present
evidence that the choice of β-
catenin between cell adhesion and
Wnt signaling reflects direct
competitive binding to α-catenin
versus BCL9-2 in cells. However,
does β-catenin simultaneously
encounter both these binding
partners in the same subcellular
compartment? This may be the
case: although the main functional
destination of α-catenin is the
junctional complex at the plasma
membrane, some α-catenin is also
found in the cytoplasm, where it
can form heterodimers with β-
catenin [8,12] (Figure 1). And
although Legless and BLC9-2 are
nuclear proteins [9,10], this
nuclear location is ‘conditional’ at
least in the case of Legless which,
like β-catenin itself, shuttles in and
out of the nucleus [13] (though it is
not known at present whether this
also applies to BCL9-2). 
The nuclear location of Legless
depends entirely on its direct
binding to Pygopus, a
constitutively nuclear component
of the Wnt cascade (Figure 1) with
a critical function in targeting
Armadillo and β-catenin to the
nucleus during Wnt signaling (via
the Legless adaptor) [13]. So a
direct choice of β-catenin
between α-catenin and
Legless/BCL9 may thus occur in
the cytoplasm. It is less likely
though that the pivoting of β-
catenin between cell adhesion
and Wnt signaling directly
involves its ultimate binding
partners in these processes,
junctional E-cadherin and nuclear
TCF, respectively.
Another question is whether
Wnt signaling biases the choice
of β-catenin in binding to its
partners. Clearly, the
phosphorylation status of the
amino-terminal GSK3 sites of β-
catenin — the key control target
for the Wnt signal (Figure 2) —
does not affect its binding to
Legless [13], nor to TCF nor to
the intracellular domain of E-
cadherin [8]. 
But there is indirect evidence,
based on probing cellular lysates
with bacterially expressed
proteins, that Wnt signaling
nonetheless may generate a form
of β-catenin that prefers binding
to TCF over E-cadherin [8].
However, the molecular basis for
this apparent TCF binding
preference and its physiological
relevance are unclear, especially
as it is only detectable in a narrow
range of β-catenin concentrations,
and is overridden by
phosphorylation of E-cadherin [8]
(note that phosphorylation of the
intracellular E-cadherin domain
vastly increases its affinity to β-
catenin [14], allowing it to adopt a
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Figure 1. The Wnt signaling cascade.
Schematic diagram of two cells, with adherens junctions — black bars, E-cadherin; green
dots, β-catenin/Armadillo; black dots, α-catenin; thin black lines, actin filaments — and
core components of the canonical Wnt signaling pathway that are mentioned in the text
— green, positively acting; red, negatively acting. In the absence of Wnt signaling (left),
the Axin complex is active and phosphorylates β-catenin/Armadillo, earmarking it for
degradation; β-catenin/Armadillo is inactive and TCF transcription is off. Upon Wnt stim-
ulation (right), the Axin complex is inactivated; as a result, unphosphorylated β-
catenin/Armadillo accumulates and is targeted to the nucleus by Pygopus and
Legless/BCL9 (Lgs) [13], where it binds TCF to stimulate the transcription of Wnt target
genes. Nuclear-cytoplasmic shuttling of APC, β-catenin and Lgs (as indicated on the left)
may continue in Wnt-stimulated cells. Pygopus is arbitrarily drawn on chromatin, by itself,
or in a complex with Lgs, β-catenin/Armadillo and TCF as previously suggested [10].
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structure in the complex with β-
catenin that mimics the TCF-β-
catenin complex [15]). 
On balance, therefore, the
current evidence indicates that
Wnt signaling does not affect
significantly the preference of β-
catenin for its binding partners. In
any case, it would appear
undesirable if, each time a cell is
stimulated by Wnt, its adhesion to
its neighbors were weakened due
to a Wnt-induced diversion of β-
catenin from E-cadherin.
But the choice of β-catenin
between cell adhesion and Wnt
signaling can evidently be
affected by other signals. One of
these is the phosphorylation of
Y142 in β-catenin imparted by the
Met receptor tyrosine kinase [9].
As mentioned, this modification
reduces β-catenin‘s binding to α-
catenin, and favors its binding to
BCL9-2. Indeed, overexpression
of BCL9-2 in non-transformed
epithelial cells causes β-catenin to
translocate into the nucleus and
to stimulate TCF-mediated
transcription.
In addition, the overexpressed
BCL9-2 promotes migratory
activity and scattering, so
induces changes in epithelial cells
that are akin to an
epithelial–mesenchymal
transition. These BCL9-2-induced
changes are enhanced by
subcritical stimulation of the Met
receptor by hepatocyte growth
factor. Therefore, the Y142
residue is a pivot under the
control of extracellular growth
factor signals, and can trigger an
epithelial–mesenchymal transition
by diverting β-catenin from cell
adhesion to Wnt signaling [9].
It is conceivable that the β-
catenin binding protein APC may
also have a role in the choice of β-
catenin between cell adhesion
and Wnt signaling [16]. APC
shuttles in and out of the nucleus,
so encounters β-catenin
potentially in both subcellular
compartments. Furthermore, APC
forms similar interactions with β-
catenin as E-cadherin and TCF
[15,17–19], and it competes with
these proteins for binding to β-
catenin [18,20], so may affect the
choice of β-catenin to its binding
partners in cell adhesion versus
Wnt signaling. 
Significantly, APC also appears
to have separate functions in
antagonising Wnt signaling, and in
maintaining cell adhesion [16]. So
APC loss-of-function potentially
couples loss of cell adhesion to
gain of Wnt signaling, in a similar
manner to Y142 phosphorylation
of β-catenin which shifts β-catenin
from adherens junctions to the
nucleus. So there appears to be
two intrinsic links between cell
adhesion and Wnt signaling – one
through β-catenin and one
through APC. This double link
may help to explain why Wnt
signaling is so prone to initiating
cancer, and potent in promoting
its progression.
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Figure 2. β-catenin and its choice of binding partners in Wnt signaling or cell
adhesion.
Schematic drawing of β-catenin (not to scale), showing its amino-terminal phosphory-
lation sites under the control of Wnt signaling. The core region of β-catenin, consisting
of 12 armadillo repeats, is involved in binding to the protein’s partners in Wnt signaling
(indicated above) or cell adhesion (indicated below); the extents of interactions,
indicated by brackets, are based on structural determinations [12,15,17–19], except for
Lgs/BCL9-2 (approximate extent of binding [9,10] indicated by dotted line). Phospho-
rylation of the pivotal Y142 residue by hepatocyte growth factor (HGF) signalling
switches the function of β-catenin from cell adhesion to Wnt signaling.
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Tanya T. Whitfield
For developmental geneticists, a
mutation that accelerates
development or causes the
ectopic formation of normal
structures is a real prize. Famous
examples include the yeast wee1
mutant, in which cells enter
mitosis prematurely, and
mutations that disrupt the
Delta/Notch pathway in both
invertebrates and vertebrates,
leading to the over-production of
neurons. Each phenotype
revealed a key regulatory step in
the respective developmental
mechanism. In the zebrafish, four
mutants have been identified that
develop supernumerary
neuromasts, the individual sense
organs that make up the lateral
line system. These mutants also
lack glial cells along the lateral
line nerve, revealing a new role for
glia in the inhibition of lateral line
sensory precursors.
The lateral line in fish mediates
behaviours such as shoaling, prey
detection and obstacle avoidance,
and arises from ectodermal
thickenings on the head called
placodes. The posterior lateral line
placode gives rise both to the
posterior lateral line ganglion and
to a migrating primordium, which
moves away from its cranial origin
towards the tail; the regular and
predictable progress of this
primordium along the horizontal
myoseptum is used as a staging
tool. In zebrafish, there are
successive waves of migration of
different primordia. The first
primordium deposits a simple and
highly conserved pattern of
primary neuromasts; a second
primordium follows, and further
elaboration of the system
continues after embryogenesis
[1–5]. Neurons in the posterior
lateral line ganglion send out
growth cones that follow the
primordium as it migrates [6,7];
lateral line glia, which are derived
from the neural crest, are guided
by the axons, and follow close
behind [8].
The origin of secondary
neuromasts, which arise in
between the primaries, is less
clear. The smaller and slower
second primordium cannot
account for all of the secondary
neuromasts, as it deposits only
four or five neuromasts at two-
somite intervals, and appears to
migrate only part way down the
trunk [1]. Similarly, budding or
fragmentation of existing
neuromasts, which may occur at
later stages, does not appear to
be a principal mechanism for the
generation of secondary
neuromasts [3].
Two studies [9,10] have now
identified a new source of
secondary neuromasts in the
zebrafish embryo: interneuromast
cells. These lie in a thin trail
between the primary neuromasts,
and express the same markers
that identify both the primordium
and nascent neuromasts — eya1
[9] and cldnb [10,11]. Experiments
in which a caged fluorochrome
was photoactivated in either the
first [9,11] or the second
primordium [1] showed that both
primordia give rise to
interneuromast cells. Although it
has been suggested that these
cells may be placodally derived
glia [1,11], by performing the
uncaging experiment in a
transgenic line expressing GFP
under the control of the foxd3
promoter, which drives expression
in glial cells, Grant et al. [9] were
able to show that interneuromast
and glial cells are clearly distinct
populations. Nevertheless, the
lateral line axons, associated glia
and interneuromast cells all
initially lie close to each other
along the horizontal myoseptum
(Figure 1).
This juxtaposition is not
maintained for long, however. A
day after their deposition, most
primary neuromasts and
interneuromast cells of the lateral
line begin to move in a ventral
direction, leaving the horizontal
myoseptum and the nerve [3]. It is
not certain how this movement is
effected; it may be an active
migration, or, as suggested by
López-Schier et al. [11], a
displacement by the migrating
second primordium and the
secondary neuromasts that it
generates. As they move ventrally,
interneuromast cells undergo a
further change in behaviour: they
proliferate and cluster, eventually
forming additional secondary
neuromasts [9] (Figure 1).
This sequence of events led
Grant et al. [9] to hypothesize that
the lateral line nerve holds the
interneuromast cells in check;
ventral movement away from the
nerve would afford relief from this
inhibition, allowing subsequent
Lateral Line: Precocious
Phenotypes and Planar Polarity
Work on zebrafish mutants that develop supernumerary neuromasts in
the lateral line has revealed an inhibitory mechanism, mediated by glial
cells, that represses newly identified precursors of secondary
neuromasts, ensuring successive waves of neuromast production
occur on time. The alignment of hair cells in neuromasts corresponds
to the timing of these waves.
